Narcolepsy is characterized by excessive sleepiness and cataplexy, sudden episodes of muscle weakness during waking that are thought to be an intrusion of rapid eye movement sleep muscle atonia into wakefulness. One of the most striking aspects of cataplexy is that it is often triggered by strong, generally positive emotions, but little is known about the neural pathways through which positive emotions trigger muscle atonia. We hypothesized that the amygdala is functionally important for cataplexy because the amygdala has a role in processing emotional stimuli and it contains neurons that are active during cataplexy. Using anterograde and retrograde tracing in mice, we found that GABAergic neurons in the central nucleus of the amygdala heavily innervate neurons that maintain waking muscle tone such as those in the ventrolateral periaqueductal gray, lateral pontine tegmentum, locus ceruleus, and dorsal raphe. We then found that bilateral, excitotoxic lesions of the amygdala markedly reduced cataplexy in orexin knock-out mice, a model of narcolepsy. These lesions did not alter basic sleep-wake behavior but substantially reduced the triggering of cataplexy. Lesions also reduced the cataplexy events triggered by conditions associated with high arousal and positive emotions (i.e., wheel running and chocolate). These observations demonstrate that the amygdala is a functionally important part of the circuitry underlying cataplexy and suggest that increased amygdala activity in response to emotional stimuli could directly trigger cataplexy by inhibiting brainstem regions that suppress muscle atonia.
Introduction
Narcolepsy is caused by loss of the hypothalamic neurons that produce the orexin neuropeptides (Peyron et al., 2000; Thannickal et al., 2000) . Loss of these cells or loss of just the orexin peptides results in severe sleepiness and cataplexy, sudden episodes of muscle weakness during waking. In people with narcolepsy, cataplexy is most often triggered by positive emotions such as those associated with laughter, joking, or delight (Overeem et al., 1999 (Overeem et al., , 2011 . Similarly, in narcoleptic dogs, cataplexy is usually triggered by palatable food or play (Siegel et al., 1986 (Siegel et al., , 1991 , and in mouse models of narcolepsy, cataplexy is increased by rewarding stimuli such as wheel running and palatable food (Espana et al., 2007; Clark et al., 2009 ). For Ͼ130 years, this striking and odd connection to positive emotions has been recognized as a key aspect of cataplexy (Gelineau, 1880; Schenck et al., 2007) , but the neural mechanisms through which positive emotions trigger cataplexy remain unknown.
Several lines of evidence suggest that the amygdala could be a key site through which emotions trigger cataplexy. There is clear evidence that the amygdala is important for responses to positive stimuli across species; for example, in humans, amygdala activity increases in response to positive affective stimuli (Garavan et al., 2001; Straube et al., 2008; Davey et al., 2011) , and in nonhuman primates, amygdala neurons encode the positive value of conditioned images (Nishijo et al., 1988) . In rats, amygdala neurons encode positive stimulus associations (Paton et al., 2006) , and amygdala-lesioned rats fail to approach stimuli of positive affective valence (Schoenbaum et al., 1998) . Anatomically, the amygdala is well positioned to influence muscle tone and rapid eye movement (REM) sleep phenomena because the central nucleus of the amygdala (CeA) in rats innervates regions in the pons that regulate REM sleep (Boissard et al., 2003; Fung et al., 2011) . In addition, Gulyani et al. (2002) recorded from the amygdala of freely behaving narcoleptic dogs and found many neurons with increased activity during cataplexy. These cells often showed a sharp increase in firing at the onset of cataplexy and then a return to baseline just as muscle tone recovered, suggesting that they may be part of the mechanism that triggers cataplexy.
We hypothesized that the amygdala is an important part of the circuitry that triggers cataplexy. We first examined whether the amygdala innervates key regions of the pons that regulate muscle tone in mice. Then, to test whether the amygdala is functionally important for cataplexy, we produced bilateral, excitotoxic lesions of the amygdala in orexin knock-out (KO) mice and examined their effect on cataplexy under baseline conditions and those likely to elicit positive emotions.
Materials and Methods
These studies were approved by the Institutional Animal Care and Use Committees of Beth Israel Deaconess Medical Center and Harvard Medical School and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Animals. For anatomic experiments, we used wild-type (WT) (n ϭ 3) mice as well as mice expressing Cre only in neurons with the vesicular GABA transporter (VGAT-Cre mice) (n ϭ 3) (Vong et al., 2011) . For the lesion experiments, we used 32 male orexin KO mice, 12-22 weeks old and weighing 26 -34 g. Founder orexin KO mice were a kind gift from M. Yanagisawa (University of Texas Southwestern, Dallas, TX) and were then backcrossed to C57BL/6J mice for over 10 generations (Mochizuki et al., 2004) .
Surgery. We anesthetized mice with ketamine-xylazine (100 and 10 mg/kg, i.p.) and placed them in a stereotaxic alignment system (model 1900; David Kopf Instruments). Using an air pressure injection system and glass micropipette (ϳ10 m tip diameter), we bilaterally injected ibotenic acid (5% in PBS; 25-50 nl injected over 3-5 min) into the area of the CeA (1.35 mm posterior to bregma, Ϯ2.75 mm lateral, and 4.5 mm ventral). We microinjected the amygdalae of controls with an equal volume of sterile PBS.
We then implanted mice with electrodes for recording the electroencephalogram (EEG) and electromyogram (EMG). In brief, stainless steel screws were implanted for frontoparietal EEG recordings (1.5 mm lateral and 1 mm anterior to bregma; 1.5 mm lateral and 3 mm posterior to bregma). EMG electrodes were made from fine, multi-stranded stainless steel wire (AS131; Cooner Wire), which were sutured into the neck extensor muscles. All electrodes were attached to a micro-strip connector affixed to the animal's head with dental cement. After surgery, mice were given 0.5 ml of 0.9% saline and meloxicam (5 mg/kg, i.p.).
Experimental protocol. Two weeks after surgery, we transferred mice to recording cages in a sound-attenuated chamber with a 12 h light/dark cycle (30 lux daylight-type fluorescent tubes with lights on at 7:00 A.M.), constant temperature (23 Ϯ 1°C), and food and water available ad libitum. The recording cable was attached to a low-torque electrical swivel, fixed above the cages that allowed free movement. Mice habituated to the cables for 4 d before the experiments began and remained connected throughout the study.
Mice were recorded during the 2.5-4 week period after excitotoxic or sham lesions. We first examined baseline sleep-wake behavior and cataplexy across 24 h using EEG, EMG, and infrared video recordings. We then studied mice under two conditions that should increase cataplexy: (1) access to a running wheel and (2) access to a running wheel plus chocolate. We placed a low-torque, polycarbonate running wheel (FastTrac; Bio-Serv) in each cage and recorded wheel rotations using a photodetector beneath each wheel. Running wheels increase cataplexy in orexin KO mice (Espana et al., 2007) , and we chose this style of wheel because it does not interfere with the EEG recording cable. After 7 d habituation to the wheel, we recorded sleep-wake behavior and wheel rotations for 24 h. The next night, we gave mice 3 g of Hershey's milk chocolate at dark onset and recorded sleep-wake behavior and wheel running over the next 12 h (7:00 P.M. to 7:00 A.M.). We chose to use chocolate because it is used as a reward in rodent operant studies (Holahan et al., 2011; King et al., 2011) , and cataplexy in mice and dogs is increased by palatable foods (Siegel et al., 1986; Clark et al., 2009) .
Data acquisition and analyses. EEG/EMG signals were acquired using Grass Instruments model 12 amplifiers and digitized at 256 Hz. Signals were digitally filtered (EEG, 0.3-30 Hz; EMG, 20 -100 Hz) using SleepSign (Kissei Comtec). We manually scored behavior as wake, non-REM sleep, REM sleep, or cataplexy in 10 s epochs. Behavior was scored as cataplexy if the mouse had one or more epochs of muscle atonia accompanied by EEG theta that was preceded by at least 40 s of active wakefulness and was also followed by wakefulness (Scammell et al., 2009) . Each potential episode of cataplexy was examined using infrared video recordings to ensure that the mouse was immobile.
Histology. After recordings, we anesthetized mice with ketamine-xylazine (200 and 20 mg/kg, i.p.) and transcardially perfused them with 0.1 M PBS, followed by 10% Formalin. We postfixed brains in Formalin for 24 h and then cryoprotected them in 20% sucrose for 2 d. We coronally sectioned brains at 40 m in a 1:3 series using a microtome. We stained one series with thionin and mapped the lesions on standard brain atlas maps (Paxinos and Franklin, 2001) . Criteria for inclusion in the lesion group (n ϭ 9) were symmetrical, bilateral lesions of the CeA. All lesions also produced some injury to the basolateral nucleus of the amygdala, and the largest lesions encompassed the entirety of the amygdala with slight injury to the piriform cortex and ventral regions of the caudateputamen. There were no obvious behavioral differences between mice with small versus large lesions. We excluded 15 mice that received ibotenic acid injections because their lesions were off target. Six of the excluded mice had approximately unilateral lesions (i.e., a unilateral amygdala lesion and a unilateral miss, such that the overall lesioned area was approximately equivalent to bilaterally lesioned mice), but they had no change in sleep-wake behavior (data not shown) or cataplexy (baseline, 2.7 Ϯ 0.2% of dark period; wheel running, 3.3 Ϯ 0.6%; wheel running and chocolate, 6.6 Ϯ 0.6%) compared with control mice.
Anterograde and retrograde tracing. How amygdala circuitry regulates cataplexy is unknown. As a first step in identifying these pathways, we mapped connections between the amygdala and brainstem regions the regulate muscle tone. Under ketamine-xylazine anesthesia, we injected the retrograde tracer cholera toxin subunit B (CTB) (0.2%, 18 nl) into the ventrolateral periaqueductal gray/lateral pontine tegmentum (vlPAG/ LPT) of WT mice to identify neurons projecting to the vlPAG/LPT. We also labeled another series for the VGAT mRNA using in situ hybridization to identify inhibitory neurons projecting to this atonia-suppressing region (Boissard et al., 2003) . In addition, we microinjected an adenoassociated viral vector coding for channelrhodopsin-2 fused to mCherry (AAV-FLEX-ChR2-mCherry; 4 ϫ 10 12 particle/ml, 60 nl) into the amygdala of VGAT-Cre mice to anterogradely label GABAergic projections of the central nucleus.
Three weeks later, we perfused the mice and cut brain sections as above. For immunostaining, we placed sections in 0.3% hydrogen peroxide for 30 min and then incubated them overnight in primary antibody at room temperature. Primary antibodies included goat anti-CTB (1: 15,000; List Biological), rabbit anti-DsRed (to label mCherry; 1:5000; Clontech), and rabbit anti-orexin-A (1:5000; Abcam). We then incubated sections with biotinylated secondary antibody (1:1000; Vector Laboratories) for 90 min, followed by horseradish peroxidase-conjugated avidin-biotin complex (1:1000; Vector Laboratories) for 1 h. We visualized immunoreactivity using 0.06% 3,3Ј-diaminobenzidine and 0.01% hydrogen peroxide. For double labeling of CTB and orexin, we used Alexa Fluor 555-conjugated anti-goat IgG antibody (1:1000; Invitrogen) and Alexa Fluor 488-conjugated anti-rabbit IgG antibody (1:1000; Invitrogen) as secondary antibodies.
For in situ hybridization, we generated a 919 bp riboprobe complementary to bases 876 to 1794 of the VGAT mRNA (GenBank accession number NM_009508). Using tail genomic DNA as a template, we amplified the probe fragment by PCR (forward, GCATGTTCGTGCTGGGC-CTACC; reverse, CAGCGCAGCGTCAGCCCCCAG). Next, we added T7/SP6 promoter sites to the fragment, purified the DNA fragment (Min Elute PCR Purification Kit; Qiagen), and used T7 polymerase to generate a DIG-labeled antisense probe. We then incubated sections with 2 g/ml VGAT riboprobe overnight at 50°C, incubated with 50 g/ml RNase A for 30 min at 37°C, washed in decreasing concentrations of SSC buffer, incubated with peroxidase conjugated anti-DIG antibody (1:200; Roche) overnight, and reacted with tyramide-conjugated Cy3 (PerkinElmer Life and Analytical Sciences) for 30 min. For the combination of VGAT in situ hybridization and CTB immunostaining, we incubated sections with goat anti-CTB antibody overnight, followed by Alexa Fluor 488-conjugated anti-goat IgG antibody (1:1000; Invitrogen) for 1 h.
Statistical analyses. We used paired t tests for comparisons within each group and unpaired t tests for comparisons between groups when data were normally distributed; Mann-Whitney U or Wilcoxon's signed-rank tests were used for non-normal data. We compared the frequency, duration, and total time spent in each behavioral state between treatments using unpaired t tests. All statistical analyses were performed using Sig-maStat (SPSS) and applied a critical two-tailed ␣ value of p Ͻ 0.05. Data are presented as mean Ϯ SEM.
Results
The amygdala is anatomically well positioned to regulate cataplexy The vlPAG and adjacent LPT are thought to be key sites for the suppression of atonia and REM sleep because lesions of this region increase REM sleep and may permit atonia to occur outside of REM sleep (Lu et al., 2006; Kaur et al., 2009) . To identify brain regions that may regulate activity in the vlPAG/LPT, we microinjected CTB into the vlPAG/LPT of WT mice. CTB retrogradely labeled many brain regions, including approximately onequarter of the orexin neurons (Fig. 1) . Immunostaining for orexin-A showed that the orexin neurons heavily innervate the vlPAG/LPT, suggesting that, during wakefulness, the orexin neurons may help maintain activity in this atonia-suppressing region.
In addition, we found that Ͼ90% of the retrogradely labeled neurons in the CeA contained VGAT mRNA. To examine this pathway with anterograde tracing, we injected an AAV coding for Cre-dependent channelrhodopsin-2 fused to mCherry into the CeA of VGAT-Cre mice. GABAergic neurons in the CeA strongly expressed mCherry and densely innervated the vlPAG/LPT. In addition, these neurons heavily innervated the dorsolateral locus ceruleus (LC), moderately innervated the dorsal raphe (DR) nucleus, and lightly innervated the tuberomammillary nucleus (TMN). These monoaminergic nuclei and the vlPAG/LPT are all hypothesized to suppress atonia, and inhibition of these sites by the CeA may promote muscle weakness or atonia.
Cataplexy is increased by stimuli associated with "positive emotions" Under baseline conditions, control (unlesioned) orexin KO mice had 18 Ϯ 4 episodes of cataplexy during the dark period (Table  1) . Episodes had an average duration of 66 Ϯ 5 s, resulting in 2.6% of the dark period spent in cataplexy. To examine whether stimuli associated with positive emotions increase cataplexy in orexin KO mice, we first gave orexin KO mice access to a running wheel. In agreement with previous results (Espana et al., 2007) , we found that access to a running wheel increased the number of cataplexy bouts by 83% (n ϭ 8, t (8) ϭ Ϫ3.17, p ϭ 0.01; Fig. 2 ). Cataplexy bouts became 40% shorter (t (8) ϭ Ϫ4.27, p ϭ 0.003), whereas the total amount of cataplexy was 3.1% of the dark period (t (8) ϭ Ϫ0.88, p ϭ 0.4).
Chocolate is often used as a reward in rodent studies (Hsu et al., 2010; Martin-Garcia et al., 2011; Burokas et al., 2012) , so we then gave orexin KO mice chocolate with continued access to a running wheel. This combination of stimuli increased the number of cataplexy bouts 272% above baseline (n ϭ 8, t (8) ϭ Ϫ6.06, p Ͻ 0.001). As with running wheels alone, cataplexy bouts were 48% shorter (t (8) ϭ 2.68, p ϭ 0.004), but the total amount of cataplexy in the dark period increased to 5% (t (8) ϭ Ϫ3.32, p ϭ 0.01). These observations demonstrate that stimuli associated with positive emotions increase murine cataplexy, just as in people and dogs with narcolepsy.
Running wheels and chocolate also affected sleep-wake behavior. The amount of wake during the dark period increased by 20% with running wheels alone (t (8) ϭ Ϫ5.42, p Ͻ 0.001) and by 38% with running wheels plus chocolate (t (8) ϭ Ϫ11.52, p Ͻ 0.001). In fact, the arousing influence of running wheels plus chocolate was so strong that orexin KO mice were awake for 90% of the dark period, with proportional reductions in non-REM and REM sleep.
Amygdala lesions decreased cataplexy under baseline conditions
We microinjected ibotenic acid into the right and left amygdalae to produce excitotoxic lesions. Most lesions encompassed both the central and basolateral nuclei, but lesions varied, with a few affecting only the CeA and several involving much of the amygdaloid complex (Fig. 3) . Nine mice met criteria for acceptable bilateral lesions. Control mice injected with PBS (n ϭ 8) showed no evidence of amygdala injury.
Bilateral amygdala lesions significantly reduced the amount of time spent in cataplexy during the dark period (t (16) ϭ 2.58, p ϭ 0.02; Fig. 4) , with 28% fewer bouts of cataplexy (t (16) ϭ Ϫ6.95, p Ͻ 0.001) and a 30% decrease in the average duration of cataplexy bouts (U (8) ϭ 81, p Ͻ 0.001). The lesions did not affect wake and non-REM or REM sleep (Table 1) . Amygdala lesions did not appear to disrupt muscle atonia during REM sleep.
Amygdala lesions decreased cataplexy triggered by a positive stimulus
To determine whether the amygdala contributes to the cataplexy elicited by a positive stimulus, we examined cataplexy and sleepwake behavior in amygdala-lesioned orexin KO mice with access to a running wheel. Lesioned mice spent 58% less time in cataplexy than control mice (t (16) ϭ 2.52, p ϭ 0.02). The lesioned mice also had 52% fewer cataplexy bouts and a 20% decrease in the average duration of cataplexy bouts, but these changes did not reach statistical significance. Amygdala lesions had no effect on sleep-wake architecture in the presence of a running wheel. Lesions had no significant effect on total wheel rotations (7375 Ϯ 2603 vs 10,877 Ϯ 2058 rotations, lesioned vs control, U (16) ϭ 18, p ϭ 0.16).
Amygdala lesions decreased cataplexy triggered by strong positive stimuli
The combination of chocolate plus a running wheel dramatically increased cataplexy in control orexin KO mice, but lesioned mice had 42% less cataplexy than controls (t (16) ϭ 2.57, p ϭ 0.02). The lesioned mice also had 40% fewer cataplexy bouts (t (16) ϭ 2.04, p ϭ 0.04), with little change in the duration of cataplexy bouts. The lesions did not alter the amount of chocolate consumed (2.2 Ϯ 0.2 vs 1.9 Ϯ 0.4 g, lesioned vs control, t (16) ϭ 0.94, p ϭ 0.36). Although lesioned mice seemed to run less, this reduction did not reach statistical significance (9846 Ϯ 3850 vs 18,627 Ϯ 2769 rotations, lesioned vs control, t (16) ϭ 1.85, p ϭ 0.08).
Control mice had a very strong arousal response to chocolate plus a running wheel, but this response was less intense in the lesioned mice. Control mice were awake for 90% of the dark period, but lesioned mice were awake for 77% of the period, with proportionately greater amounts of non-REM and REM sleep.
Discussion
For Ͼ130 years, researchers have appreciated that cataplexy is triggered by positive emotional stimuli, but very little has been understood about the mechanisms linking emotions to muscle atonia. We found that, in mice, the CeA has robust GABAergic projections to key brainstem regions for suppressing atonia, including the vlPAG/LPT, LC, and DR (Lu et al., 2006) . Furthermore, bilateral lesions of the amygdala selectively reduced cataplexy in orexin KO mice without altering the very similar state of REM sleep. These results provide strong evidence that the amygdala has a functional role in triggering cataplexy.
Amygdala lesions reduce cataplexy
Researchers have hypothesized that the limbic system may trigger cataplexy (Overeem et al., 1999 (Overeem et al., , 2011 Gulyani et al., 2002; Espana et al., 2007) , but no studies have tested this directly. We found that amygdala lesions substantially reduced cataplexy across a variety of conditions. Specifically, under both baseline and stimulating, cataplexy-inducing conditions, lesions centered on the CeA reduced the number of bouts of cataplexy and decreased the total amount of cataplexy but had minimal effects on cataplexy duration. Thus, it appears likely that the amygdala is important for emotionally stimulated cataplexy and perhaps spontaneous cataplexy as well. Most likely, the amygdala helps generate emotional responses to salient positive stimuli and then relays this information to brainstem regions that regulate muscle tone (Brinley-Reed et al., 1995; Balleine and Killcross, 2006; Paton et al., 2006; Straube et al., 2008; Ball et al., 2009 ).
However, it is possible that the amygdala lesions reduced cataplexy through nonspecific changes in emotional state, locomotion, or motivated behavior. Although we cannot rule out indirect effects of the amygdala lesions, direct effects on cataplexy seem more likely because the amygdala heavily innervates brainstem regions that regulate motor tone and amygdala neurons increase their firing at the onset of cataplexy (Gulyani et al., 2002) .
Importantly, amygdala lesions did not eliminate cataplexy, suggesting that additional forebrain regions may contribute. The largest lesions reduced baseline cataplexy by ϳ65%, yet even in these mice, running wheels and chocolate still increased cataplexy. This makes it likely that, although the amygdala is important, additional neural mechanisms can still relay signals related to emotion to brainstem regions that regulate atonia. In the future, it will be helpful to examine the roles of the bed nucleus, basal forebrain, lateral hypothalamus, and limbic cortex because these regions also project to pontine regions that regulate muscle atonia and may contribute to the triggering of cataplexy ( 
The amygdala may trigger cataplexy through direct projections to the pons
Cataplexy and the atonia of REM sleep share many similarities, and it is likely that these phenomena are mediated by the same brainstem pathways. The sublaterodorsal nucleus (SLD) is a key site that indirectly inhibits motor neurons during REM sleep, through spinal and medullary GABAergic and glycinergic premotor neurons (Boissard et al., 2002; Lu et al., 2006; Brooks and Peever, 2012; . During wakefulness, the vlPAG/ LPT and monoaminergic neurons inhibit the SLD and suppress atonia, but during REM sleep, these neurons are inactive, disinhibiting the SLD and permitting atonia to occur (Lu et al., 2006) . Monaminergic neurons can also increase muscle tone through direct projections to motor neurons, but monoamine neurons fall silent during REM sleep (Wu et al., 1999 (Wu et al., , 2004 Fenik et al., 2005; Chan et al., 2006; Takahashi et al., 2010) . Much less is known about the patterns of neuronal activity during cataplexy. It is clear that neurons of the LC and DR reduce firing (Wu et al., 1999 (Wu et al., , 2004 , and although it has not yet been studied directly, cataplexy is likely associated with reduced activity in the vlPAG/ LPT and increased activity in the SLD.
Several lines of evidence now suggest that the amygdala could trigger cataplexy by relaying signals associated with positive emotions to these same brainstem regions. The amygdala helps generate emotional responses to positive affective stimuli, reward, and social play (Balleine and Killcross, 2006; Paton et al., 2006; Straube et al., 2008; Ball et al., 2009; Bermudez and Schultz, 2010; Davey et al., 2011; Trezza et al., 2012) . Brain regions that mediate reward and motivation [e.g., prefrontal cortex (PFC) or dopaminergic neurons of the ventral tegmental area (VTA)] innervate the amygdala in which they could excite brainstem-projecting CeA neurons that trigger cataplexy (Asan, 1998) . Importantly, in narcoleptic dogs, neurons in the amygdala increase their activity just before and during cataplexy (Gulyani et al., 2002) ; there is increased dopamine release in the amygdala in response to pleasurable stimuli (Miller et al., 1990) , and manipulation of VTA dopamine neuron activity modulates cataplexy (Reid et al., 1996) . Although amygdala activity during cataplexy has not yet been examined in humans, two studies have reported abnormal amygdala responses to emotional stimuli in people with narcolepsy, with increased amygdala and VTA responses to positive Sleep-wake architecture and cataplexy during the dark period in control (n ‫؍‬ 8) and amygdala-lesioned (n ‫؍‬ 9) rewards and decreased amygdala responses to aversive stimuli (Ponz et al., 2010a,b ). Here we demonstrate GABAergic projections from the CeA to the vlPAG/LPT and to brainstem monoaminergic nuclei. Activation of these projections, perhaps by PFC or VTA dopamine neurons, could trigger cataplexy as well as the momentary muscle weakness associated with laughter even in healthy individuals (Overeem et al., 1999) . In healthy animals, these inhibitory signals from the CeA are likely counterbalanced by excitatory signals from the orexin neurons. The orexin neurons are active under conditions of high arousal, positive emotions, and social interaction (Lee et al., 2005; Mileykovskiy et al., 2005; Blouin et al., 2013) , and we and others have shown that they innervate the vlPAG/LPT (Lu et al., 2006; Kaur et al., 2009) , as well as the LC and DR (Peyron et al., 1998) . Under normal conditions, any inhibition of the vlPAG/LPT by the CeA during periods of positive emotion would be counterbalanced by the orexin neurons and subsequent monoamine activation, thus maintaining muscle tone via inhibition of the SLD and direct excitation of motor neurons (Fig. 5) (Lu et al., 2006; Hsieh et al., 2011; Burgess and Scammell, 2012; Clément et al., 2012) . However, with loss of orexin signaling as in narcolepsy, the inhibitory projections from the CeA would be unopposed, resulting in cataplexy. This model helps explain how positive emotions may trigger cataplexy, and although some elements of the model still need to be confirmed, all are testable with current techniques. A, Under baseline conditions, bilateral amygdala lesions decreased the total amount of cataplexy compared with controls. This decrease was attributable to a reduction in the number of cataplexy bouts and a shortening of bouts. B, Amygdala lesions also decreased the amount of cataplexy when mice had access to running wheels. C, Amygdala lesions reduced the amount of cataplexy when mice had access to running wheels and chocolate. Data are from the 12 h dark period. *p Ͻ 0.05; **p Ͻ 0.001 compared with control orexin KO mice.
Limitations
A few limitations warrant discussion. Although our lesions were centered on the CeA, many extended into adjacent parts of the amygdala, and we cannot conclude that the CeA per se is important for triggering cataplexy. However, the CeA was the only area consistently ablated in our mice, and the majority of brainstemprojecting neurons in the amygdala are located in the CeA (Hopkins and Holstege, 1978; Wallace et al., 1989 Wallace et al., , 1992 Sah and Lopez De Armentia, 2003) . Another concern is that, although chocolate is rewarding for mice, it also increases wakefulness and locomotor activity, and some of the increase in cataplexy may have been related to these behavioral effects or psychoactive compounds in chocolate, such as caffeine. However, the increase in cataplexy with chocolate was much larger than the increase in wakefulness, and previous studies have shown that caffeine does not increase cataplexy , Okuro et al., 2010 . Considering the rewarding effects of chocolate in mice (Hsu et al., 2010; Martin-Garcia et al., 2011) , we think that the increase in cataplexy with chocolate is mainly attributable to increases in positive affect. A final limitation is that we cannot be certain that this reduction was attributable to a disruption of positive affect because cataplexy was reduced in all three conditions, but a growing literature demonstrates many roles for the amygdala in mediating positive affect (Garavan et al., 2001; Baxter and Murray, 2002; Balleine and Killcross, 2006; Paton et al., 2006; Straube et al., 2008; Trezza and Campolongo, 2009 ). In narcoleptic dogs and people, cataplexy is clearly triggered by rewarding stimuli and positive emotional states (Gelineau, 1880; Overeem et al., 2011) , and in narcoleptic mice, cataplexy is increased by stimuli that presumably trigger positive affect (Espana et al., 2007; Clark et al., 2009 ). This convergent evidence suggests that disruption of signals related to positive affect is the main cause of the reduction in cataplexy.
Regulation of arousal and REM sleep by the amygdala
In addition to a key role in cataplexy, the amygdala has additional effects on sleep-wake behavior. We found that, under the very arousing condition of running wheels plus chocolate, unlesioned mice had clear increases in wakefulness and locomotion, but this response was blunted in mice with amygdala lesions. Similarly, rhesus monkeys with amygdala lesions have reduced arousal compared with controls under gentle restraint (Benca et al., 2000) , and pharmacological inactivation of the amygdala can decrease arousal in rats (Sanford et al., 2006a) . In addition, pharmacology studies in rats suggest that the amygdala can increase or decrease REM sleep ( 
Conclusions
These results demonstrate that the amygdala is functionally important for the production of cataplexy in narcoleptic mice, and, in response to positive emotions, it may trigger muscle atonia by inhibiting brainstem nuclei that suppress atonia. Our findings suggest several avenues of additional research, including investigating the roles of other forebrain or limbic structures in triggering cataplexy and, more generally, their roles in sleep and muscle atonia. In particular, optogenetic and pharmacogenetic tools could be used to determine which neuronal populations in the amygdala or other regions are sufficient to trigger cataplexy. The recent finding that orexin levels in the amygdala are highest during positive emotions and social interactions in humans suggests that direct lateral hypothalamic-amygdala interactions Normally, this CeA inhibition is offset by excitatory signals from the orexin neurons. Loss of orexin signaling in narcolepsy upsets this balance, so that the CeA can inhibit the vlPAG/LPT and monoaminergic neurons, resulting in cataplexy. Direct excitatory signals from monoaminergic nuclei and orexin neurons to motor neurons, not depicted here, could also increase muscle tone.
could be an important area of future study as well (Blouin et al., 2013) . Our data and the resulting model of how emotional stimuli trigger cataplexy could suggest a mechanism for treating cataplexy based on its most common triggers.
